Power Flow Control of High Voltage DC Networks for Grid Integration of Offshore Wind Power  by Xu, Zhuang
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.429 
 Energy Procedia  75 ( 2015 )  1698 – 1704 
ScienceDirect
The 7th International Conference on Applied Energy – ICAE2015 
Power Flow Control of High Voltage DC Networks for Grid 
Integration of Offshore Wind Power 
Zhuang Xu* 
The University of Nottingham, China campus, 199 Taikang East Road, Ningbo, 315100, China 
Abstract 
This paper targets the power flow control of multi-terminal high voltage DC networks (MTDC) which is one of the 
major challenges in the development of MTDC technologies. The conventional methods of controlling direct voltage 
of MTDC networks suffered from serials of issues, such as lack of ability to steer the power flow, less expandability 
to scale up and poor dynamic responses. This paper is focused on the study of the power flow control inside MTDC 
networks for grid integration of offshore wind energy systems. The proposed method is tested in case studies. The 
superiority is verified. 
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1. Introduction 
As the world population increases significantly, the global energy consumption is expected to explode. 
Unlimited growth of primary energy consumption will definitely make it increasingly harder to assure 
adequate global access to energy supplies, since the main source-fossil fuels used to generate the primary 
power is limited and non-renewable. In addition, combustion of fossil fuels releases carbon dioxide (CO2) 
which increases the greenhouse effect. Therefore, in order to meet the future demand of electricity and 
protect the environment, a number of new generation technologies using renewable energy resources e.g. 
wind, solar, tidal as their primary energy, have been researched and developed. Among these new 
technologies, offshore wind farms have been considered as one of the vital solutions to combating global 
warming and meeting government renewable energy targets since they do not release CO2 and can 
generate gigawatts of energy [1]. 
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Two alternative methods are available for the connection of offshore wind farms to the grid: high 
voltage ac (HVAC) and high voltage dc (HVDC). Although HVAC provides simplest and most economic 
connection method for short distances, HVDC transmission becomes the only feasible option for 
connecting an offshore wind farm to onshore grids when the distance is long due to the advantages of 
fewer cables required, not affected by the cable charging current, ability to connect asynchronous AC 
network and flexibly controlled power flow. The main component of the HVDC system is power 
converter. Depending on the type of converters, there are two kinds of HVDC transmission systems. The 
thyristor based HVDC transmission, also called line commutated converter HVDC (LCC-HVDC) is 
referred to as classic HVDC due to its wide spread use and long history of application in power system. 
Comparatively, voltage source converter (VSC) based HVDC is a new technology, where the valves are 
built by IGBTs (Insulated Gate Bipolar Transistors) and PWM (Pulse Width Modulation) is used to create 
the desired voltage waveform. The first commercial use of HVDC transmission is made by ABB with its 
VSC-HVDC brand called HVDC Light and the other major competitor in the market-Siemens-has 
completed its first commercial use of HVDC with its brand name HVDC Plus in 2010 which has a rating 
of 400MW/±200kV [2]. 
Except the type of converters, the connection of the HVDC system is important. There are only two 
terminals, point to point connection of most HVDC system. However, as for super grid, it would be a 
large network that collects and transmits high amounts of renewable energy to different places located at 
a great distance so that the point to point connection of HVDC system may become inapplicable. There 
are many reasons to build a multi-terminal HVDC system instead of having several separate point to point 
HVDC transmission systems. The main advantages of MTDC are the improved functionality and 
reliability of the network, decreased conversion losses and less cost [3]. MTDC is more efficient and 
reliable than a point-to-point connection. MTDC is interesting for offshore wind transmission considering 
the limited transmission capacity of and the separated locations of offshore wind farms since MTDC is 
capable of take out and deliver power from and to different terminals [4]. This paper concentrates on the 
control strategies of steering the power flows inside DC networks by means of assigning each VSC 
terminal with a predefined direct voltage reference. 
2. Voltage Source Converter Model 
Voltage source converter utilizes fully controllable switching semiconductor devices such as IGBTs to 
facilitate energy conversion. An alternative VSC-HVdc circuit was proposed in 2003, by Prof. Rainer 
Marquardt from the University of Bundeswehr, in Munich, Germany [2].
 
 
 
 
 
 
 
 
 
 
Fig. 1. a) MMC topology, b) Sub-module schematic, c) Operation 
states of a modular cell [2].
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Fig.1 illustrates the converter circuit consisting of series-connection of several sub-modules that 
usually contain two semiconductor switches and a capacitor. This topology is referred to modular 
multilevel converter (MMC or M2C). 
The control of the MMC is to adjust constantly the ratio of the upper and lower arm voltages, 
according to the specific AC voltage increment needed (Fig. 1-b). This is achieved with respect to the DC 
side neutral point by inserting or bypassing sub-modules, to track the voltage reference such that the AC 
side voltage is produced. 
3. Control Strategies for MTDC Network Operation 
Several offshore wind power plants (WPP) can be connected in offshore networks so that different 
market dispatch schemes may need to be applied to share power from the offshore WPPs. In general, 
there are three dispatch schemes: fixed power sharing, priority power sharing and proportional power 
sharing respectively. 
In order to satisfy development requirement of the offshore networks, a control strategy capable of 
performing different market dispatch schemes is required. In addition, the control strategy is not only able 
to perform different market dispatch schemes during normal operation, but also should react and take 
acceptable operation during and after a temporary disturbance such as voltage dip at an onshore grid or 
disconnection of a converter. 
Considering the requirements above, there are two conventional control strategies available in the 
literature for MTDC networks. One is the direct voltage droop method and the other is voltage-margin 
method. As for the direct voltage droop method, it is able to perform priority and proportional power 
sharing. The control of the direct voltage controller employing this method is simple and there is no need 
of communication. However, this method is difficult to perform fixed power sharing since it employs a 
proportional controller which represents a droop characteristic of direct voltage and power delivered by 
the assigned converter. The controller adjusts the power delivered by the assigned converter according to 
the immediate level of the direct voltage and due to this basic principle, the direct voltage droop method 
is difficult to perform constant power control in fixed power sharing.  
With respect to voltage-margin method, it employs a PI controller where the output of the controller 
has upper limit and lower limit. If the power is between the limits, the controller will adjust the power 
delivered by the assigned converter by maintaining the direct voltage at a given reference value. 
Compared to the voltage droop method, it is able to perform fixed power sharing. Therefore, the fixed 
power sharing is implemented by applying VMM while the proportional power sharing and priority 
power sharing are implemented by using voltage droop method. 
3.1 Power flow for MTDC networks 
      Large multi-terminal DC networks should have the capability of steering the power flow inside DC 
networks by means of assigning each VSC terminal with a predefined direct voltage set-point. This could 
make any predefined load flow scenario possible where all converters are involved with balancing the 
power inside the transmission system. In AC power networks, active power P and reactive power Q are 
specified on kth PQ bus and expressed as: 
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In (4), *k mV V can be written in the polar form as 
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In the DC steady state operation, only the resistive part of the dc transmission cables plays a role. 
Therefore, kP equation becomes: 
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The specified values of injected real power is defined as spkP . Equation (7) can be rewrite as: 
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The Newton-Raphson procedure is applied to solve the power flow equations of (8). Pk is in terms of 
the estimates of voltage magnitudes, some of which are unknown, and are thus yet to be determined. The 
following equation can be obtained: 
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3.2 Power flow optimization 
The purpose of controlling a large multi-terminal DC network is to specify and assign a reference 
point for each VSC station such that an optimized power flow can be achieved. Like the case in AC 
networks, the optimization of a MTDC network is also required to optimize the network parameters, 
system losses, total generation cost, operational limits or system stability. 
Steepest Gradient method can be used to construct the unconstrained Lagrangian function and solve 
optimizations. The objective function is chosen to be the losses in a MTDC network. The nodal voltages 
are taken as inequality constraints to formulate the penalty functions. 
4. Results 
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A multi-terminal network consisting of two senders and two receivers has been built in 
MATLAB/Simulink where the OWFs are simplified and replaced by AC system. The parameters of this 
MTDC network are presented in Table 3.1. The control strategies are applied to the grid side VSCs. The 
gains of proportional and integral controller for the direct voltage controllers are chosen such that the 
highest direct voltage rise during normal operation is below 1.05 pu of the rated direct voltage. The 
reactive power of wind farms and grid side converters are all set to zero while the active power is variable 
and the discussion will focus on the performance of the control strategies in dispatching power between 
the onshore grids. In addition, the purple line in the simulation results represents the reference value while 
the yellow line shows the actually measured value. 
 
Table 3.1 MTDC network parameters used in case studies                                                                                      
 
Fig. 2. Multi-terminal VSC-HVDC Network 
4.1. Fixed Power Sharing 
Scenario 
Onshore grid-AC1 is set to receive a fixed amount of power of 0.8pu of rated power and the source of 
power delivered to it may from the offshore wind farms or the onshore grid-AC2. Initially, GSVSC1 
delivers 0.8pu fixed power to AC1 while the offshore wind farms only deliver 0.5pu to the network. 
Therefore, GSVSC2 injects 0.3pu to the network and controls the direct voltage at 1.01 pu. At 1s, power 
from offshore wind farms increases to 1.0pu so that GSVSC2 delivers 0.2pu to the second onshore grid 
AC2 
Results 
                     
Fig. 3. Active Power P (p.u.) and Reactive Power Q (p.u.) of wind farm 1 and 2. Time in seconds 
 
                    
Fig. 4. Active Power P (p.u.) and Reactive Power Q (p.u.)  of grid side VSC 1 and 2. Time in seconds  
Parameter Rated Value 
AC Grid Voltage 230kV 
OWF Voltage 230kV 
Converter Station Power 200MVA 
Converter Station Voltage 100kV 
Size of dc Link 200MW, ±200kV 
Cable Resistance 0.0139ȍ/km 
Cable Capacitance 231 nF/km 
Cable Inductance 159mH/km 
Cable Length 75km 
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4.2 Proportional Power Sharing 
Scenario 
Power generated by OWFs is shared between two onshore grids in proportion. The first onshore grid-
AC1and the send onshore grid-AC2 are preset to receive 2/3 and 1/3 of power respectively from the 
OWFs. Initially, the OWFs deliver 0.5pu to the network so that AC1 receives 0.3pu and AC2 receives 
nearly 0.17pu. At 1s, OWFs deliver 1.5pu MW to the network. Thus, AC1 receives 1.0pu while AC2 
receives nearly 0.5pu.  
Results 
              
Fig. 5. Active Power P (p.u.) and Reactive Power Q (p.u.) of GSVSC1and 2 
4.3 Priority Power Sharing Control 
Scenario 
Power from OWFs is shared between two onshore grids. However, the first onshore grid AC1 has 
priority and is preset to receive the first 1pu power while the surplus power will be delivered to the 
onshore grid AC2. Initially, OWFs deliver 1pu to the offshore network and GSVSC1 delivers 1pu to the 
first onshore grid. There is no power delivered to the second onshore grid. At 2s, power produced by 
OWFs increases to 1.5pu. Under this circumstance, the power capacity (1.0pu) of GSVSC1is reached and 
thus GSVSC2 starts to deliver the surplus power 0.5pu to AC2 while GSVSC1maintains 1.0pu delivered 
to AC1. 
Results 
                       
Fig 6.  Active Power P (p.u.) and Reactive Power Q (p.u.) of GSVSC1 and 2. 
5. Conlusions 
In this paper, control strategies based on optimized power flow and assignments of DC voltage 
methods for different power dispatch schemes in MTDC networks have been developed. The capability of 
the control strategies to perform three market dispatch schemes (i.e. fixed power sharing, proportional 
power sharing and priority power sharing) has been explored and verified through simulation. 
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